Introduction {#sec1-2331216519886722}
============

The assessment of hearing acuity typically involves measures such as pure-tone or speech audiometry. While these methods are crucial to clinical diagnosis and intervention, they do not measure an important dimension of the experience of listening: the level of effort expended by a listener to achieve a listening goal. Indeed, in both clinical and real-world settings, individuals with hearing loss sometimes report that listening is effortful even when sounds are loud enough ([@bibr82-2331216519886722]). The term listening effort has thus been defined as "the deliberate allocation of mental resources to overcome obstacles in goal pursuit when carrying out a \[listening\] task" ([@bibr82-2331216519886722], p. 10S).

Hearing Loss and Listening Effort {#sec2-2331216519886722}
---------------------------------

When auditory input is unclear, listeners are forced to recruit additional cognitive resources in order to extract the intended message ([@bibr80-2331216519886722]). For instance, a listener may need to focus attention on the auditory stimulus in order to understand speech ([@bibr80-2331216519886722]; [@bibr82-2331216519886722]). Verbal working memory is also required, as unclear auditory stimuli must be held in memory to allow for ongoing processing until recognition is achieved ([@bibr80-2331216519886722]; [@bibr93-2331216519886722]; [@bibr98-2331216519886722]). Indeed, verbal working memory capacity is correlated with the ability of both normal-hearing and hearing-impaired listeners to process degraded speech (Ward, Rogers, Van Engen, & Peelle, 2015). Thus, sustained listening effort requires the listener to utilize both attention and working memory.

Several of the negative outcomes resulting from hearing loss may be attributable to the cognitive demands imposed by listening in adverse conditions. As more cognitive resources are consumed during listening, fewer resources remain available for other purposes ([@bibr45-2331216519886722]). For instance, for people with hearing loss, the effort invested in listening may limit their ability to multitask ([@bibr84-2331216519886722]) or to rehearse the auditory input, thereby worsening recall of what has been heard ([@bibr66-2331216519886722]). Moreover, effortful listening is linked to negative psychosocial consequences, such as psychological distress ([@bibr35-2331216519886722]), and people with hearing loss may withdraw from social interaction to avoid this distress ([@bibr83-2331216519886722]). Such social withdrawal may ultimately hasten age-related cognitive decline ([@bibr59-2331216519886722]).

Measuring Listening Effort {#sec3-2331216519886722}
--------------------------

Listening effort has been measured in various research contexts, but standardized measures for clinical use have not yet been developed ([@bibr82-2331216519886722]). Nonetheless, there are several advantages to measuring listening effort in audiological practice ([@bibr47-2331216519886722]; [@bibr67-2331216519886722]; [@bibr81-2331216519886722]). These advantages include identifying cases where an individual patient may have hearing difficulties that are not obvious from typical hearing assessments (e.g., pure-tone and speech audiometry) as well as assessing the benefit that an individual patient may derive from using hearing aids, assuming that hearing aids can improve ease of listening for people with hearing loss ([@bibr82-2331216519886722]). Thus, a clinical measure of listening effort could be used to assess the extent to which a patient's hearing aids reduce listening effort (see [@bibr107-2331216519886722]) as well as changes in how a patient allocates cognitive capacity in demanding listening situations. In addition to comparing listening effort with and without hearing aids, a clinical measure of listening effort could be used to compare listening effort when using different signal-processing algorithms, which could in turn guide the selective use of the advanced features available in modern hearing aids ([@bibr47-2331216519886722]; [@bibr81-2331216519886722]). Such comparisons would be of use not only to the treatment of individual patients but also to the design of new hearing aid technologies.

In research contexts, current measures of listening effort fall into three broad classes: subjective, behavioral, and physiological. Subjective measures, used during or after a listening task, require participants to self-report the level of effort expended (e.g., [@bibr28-2331216519886722]). The assumption underlying this approach is that the experience of listening effort can be accurately perceived, remembered, and reported by listeners ([@bibr67-2331216519886722]). However, [@bibr55-2331216519886722] argued that the subjective experience of listening effort is only weakly related to its objective measurement. A possible explanation for this difference comes from [@bibr70-2331216519886722], who noted the tendency for participants to report their perceived level of accuracy in performing a task rather than their perceived level of effort during the task.

Behavioral measures of listening effort can be divided into two subclasses: single-task and dual-task paradigms. Single-task paradigms typically involve measuring participants' reaction times during a listening task (e.g., [@bibr31-2331216519886722]). The assumption underlying this approach is that participants will respond more slowly when completing tasks that impose a higher cognitive demand, as more processing is needed to select a response ([@bibr41-2331216519886722]). However, this assumption is far from obvious given the unclear relationship between processing speed and the allocation of mental resources as well as the confounding influence of factors such as attention ([@bibr67-2331216519886722]). Moreover, reaction time is only suitable to measure listening effort during tasks that require a categorical decision as the response.

In a dual-task paradigm, participants are asked to prioritize performance on a primary task (such as a listening task) while concurrently completing a secondary task (such as a word recall task; e.g., [@bibr24-2331216519886722]). The assumption underlying this approach is that cognitive capacity is finite, and that increased cognitive resources spent on the primary task will come at the expense of accurate performance on the secondary task ([@bibr45-2331216519886722]). Thus, when the primary listening task requires more effort, this will be reflected in less accurate performance on the secondary task. However, secondary task performance is typically regarded as an unreliable measure of listening effort, in part due to the lack of clarity as to what constitutes a suitable secondary task (e.g., whether its modality should match that of the primary task; [@bibr30-2331216519886722]; [@bibr75-2331216519886722]). Furthermore, participants may not always follow instructions to prioritize performance on the primary task (e.g., [@bibr20-2331216519886722]; [@bibr42-2331216519886722]).

The final class of listening effort measures includes physiological indices. These measures can be divided into two subclasses: measures of the autonomic nervous system and measures of the brain ([@bibr67-2331216519886722]). The use of autonomic measures assumes that increased effort elevates stress levels, reflected in increased sympathetic activity and decreased parasympathetic activity ([@bibr61-2331216519886722]). These effects drive several physiological changes that have previously been used as indices of the stress resulting from effortful listening, including increased pupil dilation ([@bibr45-2331216519886722]; [@bibr51-2331216519886722]; [@bibr102-2331216519886722]), reduced heart rate variability ([@bibr62-2331216519886722]; [@bibr63-2331216519886722]), and increased skin conductance levels ([@bibr62-2331216519886722]; [@bibr63-2331216519886722]). An inescapable criticism that can be lodged against autonomic measures is that listening effort involves changes in the brain, whereas these measures do not index brain activity directly. Indeed, few studies have concurrently measured brain and autonomic responses and thus their relationship is not entirely clear ([@bibr13-2331216519886722]). The correspondence of these systems may also be confounded by other variables, both internal (e.g., emotion; [@bibr64-2331216519886722]) and external (e.g., ambient light affecting pupil dilation; [@bibr77-2331216519886722]).

Finally, the most direct index of listening effort is the measurement of brain activity. This includes methods such as functional magnetic resonance imaging (fMRI) and electroencephalography (EEG), which are able to not only measure effort but also provide insight into its underlying mechanisms. fMRI is based on changes in the hemodynamic response, with the assumption being that increased activity in a particular brain region causes an increase in blood flow to that region ([@bibr32-2331216519886722]). In the case of effortful listening, attentional and working memory demands cause increased activity in frontoparietal regions involved in these functions ([@bibr26-2331216519886722]; [@bibr80-2331216519886722]). For instance, one of the first studies using fMRI to measure effort during listening was that of [@bibr107-2331216519886722], who identified the left inferior frontal gyrus (IFG; Broca's area) as a site of activity in participants listening to degraded speech. A greater number of studies have utilized EEG to measure listening effort, with specific indices including power in alpha-band frequency oscillations (e.g., [@bibr74-2331216519886722]) and amplitude of the N1 event-related potential (e.g., [@bibr73-2331216519886722]). In [@bibr75-2331216519886722] review of listening effort, only studies employing brain-based measures (and not subjective or behavioral measures) were able to demonstrate a higher level of listening effort attributable to hearing impairment, and therefore these were deemed the most reliable measures.

Despite the directness and reliability of brain-based measures of listening effort, they are severely limited by their inherent lack of compatibility with the use of hearing aids. In the case of fMRI, no ferromagnetic metals are permitted near fMRI scanners, precluding the wearing of most hearing instruments during testing. Similarly, EEG signals are susceptible to electromagnetic field interference from nearby devices, including cochlear implants ([@bibr57-2331216519886722]) and hearing aids ([@bibr75-2331216519886722]). Although EEG signal-processing measures have been developed to deal with stimulus transduction artifacts ([@bibr17-2331216519886722]; K. [@bibr48-2331216519886722]), questions regarding stimulus artifacts can limit interpretation of results and it is not practical to implement these techniques in a clinical setting. Additional obstacles faced by both fMRI and EEG include their high-cost and time-intensive setup. Thus, these measures are suboptimal for general clinical use or applied research in most development contexts. As a result, it would be difficult to use fMRI or EEG for purposes such as measuring listening effort or assessing the outcomes of hearing aid use.

Functional Near-Infrared Spectroscopy {#sec4-2331216519886722}
-------------------------------------

Currently, there is a need for a reliable measure of listening effort that can be used when listeners are using hearing aids and that is practical for use in both clinical and applied research contexts. One method that could potentially meet this need is functional near-infrared spectroscopy (fNIRS), an optical neuroimaging method that, like fMRI, is sensitive to the overabundance of oxygenated hemoglobin (HbO) and the scarcity of deoxygenated hemoglobin (HbR) that results from brain activity ([@bibr15-2331216519886722]; [@bibr43-2331216519886722]). Unlike fMRI, fNIRS is able to separately measure the concentrations of HbO and HbR ([@bibr95-2331216519886722]), although its depth of penetration is limited approximately to 1.5 to 2.5 cm beneath the skull ([@bibr88-2331216519886722]). fNIRS works by emitting near-infrared light into the scalp and measuring the intensity of the light that returns, from which the relative concentrations of HbO and HbR can be derived using the modified Beer--Lambert law (MBLL; [@bibr50-2331216519886722]).

Crucially, fNIRS can be used when people are wearing hearing instruments ([@bibr95-2331216519886722]). Relative to most other brain-based measures, the equipment needed for fNIRS is also relatively portable, tolerant of motion artifacts, and inexpensive ([@bibr88-2331216519886722]). These qualities, along with its noninvasiveness and safety, all render fNIRS suitable to contexts where other brain-based measures are not suitable, such as work with children, older adults, and clinical populations ([@bibr27-2331216519886722]), including people who use hearing instruments. Unlike fMRI, fNIRS is also quiet, which furthers its suitability for auditory applications. In addition, fNIRS can have a spatial resolution of up to 1 cm ([@bibr88-2331216519886722]) and the temporal resolution of up to 250 Hz ([@bibr96-2331216519886722]). Thus, fNIRS represents a compromise between the strengths of fMRI, which possesses superior spatial resolution but inferior temporal resolution to fNIRS, and EEG, which possesses a superior temporal resolution but inferior spatial resolution to fNIRS.

A considerable body of research has already demonstrated fNIRS to be useful for measuring activity of the prefrontal cortex (PFC), a region involved in effortful listening. Indeed, previous studies have successfully used fNIRS to measure PFC activity related to attention (e.g., [@bibr33-2331216519886722]), working memory (e.g., [@bibr29-2331216519886722]), as well as general cognitive effort (e.g., [@bibr9-2331216519886722]). While most fNIRS studies use visual rather than auditory stimuli, a small number of recent studies have commenced using fNIRS to measure listening effort. For instance, [@bibr106-2331216519886722] replicated the fMRI results of [@bibr107-2331216519886722], finding activity of the left IFG in normal-hearing younger adults while they were attending to degraded speech. More recently, [@bibr54-2331216519886722] used fNIRS to measure cortical activity in younger and middle-aged adults in response to varying levels of noise-vocoding in speech. Both sets of authors also highlighted the opportunity that lies in future use of fNIRS to measure listening effort in users of hearing instruments.

The Current Study {#sec5-2331216519886722}
-----------------

This study had two aims: (a) to establish the feasibility of fNIRS as a measure of cognitive effort during listening in older adults who use hearing aids and (b) to use fNIRS to assess differences in listening effort depending on whether or not hearing aids are used when listening to sound presented at 35 dB SL. To achieve both of these aims, older adults who use hearing aids completed a verbal n-back task with visual stimuli as well as a verbal n-back task with auditory stimuli. In both cases, stimuli consisted of a sequence of consonants (presented visually or aurally). Participants completed both of these tasks at four levels of working memory demand: 0-back (0B; the least difficult), 1-back (1B), 2-back (2B), and 3-back (3B; the most difficult). During the 0B condition, participants indicated when the current consonant was the same as the first trial that was presented in that condition; and in the 1B, 2B, and 3B conditions, participants indicated when the current consonant was the same as the one that was presented n trials ago. Participants completed these two versions of the n-back task once with their own hearing aids and once unaided. Concurrently, PFC oxygenation was measured using fNIRS. PFC oxygenation was primarily considered as an average across the entire PFC. However, given that specific regions of the PFC have been implicated in verbal working memory and listening effort (in particular the dorsolateral PFC \[DLPFC\] and ventrolateral PFC \[VLPFC\]), it was possible that changes in oxygenation would be greater in some regions of the PFC than in others. Therefore, oxygenation was also measured separately in four subregions of the PFC, defined with regard to their relative position along the coronal plane: the left lateral PFC (L-LPFC), left medial PFC (L-MPFC), right medial PFC (R-MPFC), and right lateral PFC (R-MPFC).

### Aim 1: fNIRS to measure cognitive effort during listening {#sec6-2331216519886722}

The first aim of this study was to establish the feasibility of fNIRS as a measure of cognitive effort during listening in older adults who use hearing aids. In the n-back task, completed by participants in this study, cognitive effort must be increased to meet the increasing demands on verbal working memory and attention. The majority of neuroimaging studies employing the n-back task have tested younger adults with normal hearing using visual stimuli, with several studies of this description measuring brain activity as a function of visual n-back demand (e.g., [@bibr14-2331216519886722]). Only a handful of studies have compared brain activation during the visual n-back task to that during the auditory n-back task, and these studies used only one level of n-back demand (e.g., [@bibr22-2331216519886722]). Thus, no study has compared brain activity during the visual and auditory n-back tasks as a function of n-back demand.

To accomplish this first aim, we considered the effect of n-back demand on PFC oxygenation during the visual n-back task as well as during the auditory n-back task. Previous fMRI research has reported an increase in PFC activity as the visual n-back task becomes more demanding (e.g., [@bibr14-2331216519886722]; [@bibr16-2331216519886722]). The increase in PFC activity likely reflects the recruitment of additional cognitive resources to maintain task performance as the cognitive demands of the task increase ([@bibr72-2331216519886722]). It is assumed that the increase in PFC activity occurs until cognitive capacity is reached, at which point no more resources are available to be invested in the task. Brain activity during the auditory n-back task is similar to that during the visual n-back task, with only minor differences being reported in the few studies that have compared the two modalities ([@bibr22-2331216519886722]; [@bibr91-2331216519886722]; [@bibr97-2331216519886722]).

Based on this prior work, we predicted that as the visual verbal n-back task became more difficult, older adults with hearing loss would exhibit an increase in PFC oxygenation until their cognitive capacity was reached, at which point a leveling or decline in PFC oxygenation would be observed. We expected that this leveling or decline would occur after the 2B condition, since the only other fNIRS study of older adults completing the visual n-back task ([@bibr103-2331216519886722]) found that effort increased up to the 2B condition. Moreover, we predicted that the same nonlinear pattern of PFC oxygenation as a function of n-back condition would be measured during the auditory verbal n-back task. Importantly, a conceptual replication of the visual n-back results that have been found using fMRI, and an extension of these findings to the auditory modality, would lend strong support to the use of fNIRS to measure cognitive effort during listening in older adults who use hearing aids. In turn, this finding would support the possible use of fNIRS to measure listening effort in this population.

### Aim 2: Hearing aids to reduce listening effort {#sec7-2331216519886722}

The second aim of this study was to use fNIRS to assess whether using hearing aids reduces listening effort in older adults with hearing loss when listening to sound presented at 35 dB SL. While fNIRS has previously been used to measure listening effort in younger and middle-aged adults with normal hearing ([@bibr54-2331216519886722]; [@bibr106-2331216519886722]), it has yet to be used to measure listening effort in older adults with hearing loss. Furthermore, while fNIRS has been applied to listeners who use cochlear implants (e.g., [@bibr76-2331216519886722]; [@bibr101-2331216519886722]), it has yet to be applied to listeners who use hearing aids. Moreover, no fNIRS study has yet considered how hearing instruments affect listening effort.

To accomplish this second aim, we considered the effect of hearing aid use on PFC oxygenation during the auditory n-back task. Several studies have found that the use of hearing aids reduces listening effort (e.g., [@bibr2-2331216519886722]; [@bibr31-2331216519886722]; [@bibr84-2331216519886722]). Fewer cognitive resources should be needed to process auditory stimuli (e.g., speech) as listening becomes less demanding with improvement in the quality of sound input, and therefore the ability of hearing aids to increase audibility would be expected to reduce listening effort ([@bibr40-2331216519886722]; [@bibr80-2331216519886722]; [@bibr84-2331216519886722]). Nonetheless, [@bibr75-2331216519886722] argued that the quality of evidence supporting the ability of hearing aids to reduce listening effort is poor.

Of all studies conducted on the question of whether hearing aids reduce listening effort, only one study used a brain-based measure to address this question (EEG; [@bibr52-2331216519886722]), with the finding being that hearing aids reduced listening effort for people with hearing loss. Therefore, despite the contradictory nature of the literature, we predicted that hearing aids would reduce listening effort during the auditory n-back task. Furthermore, we predicted that there would be no effect of hearing aids on effort during the visual n-back task, which served as a control condition. If hearing aids were found to reduce PFC oxygenation during the auditory n-back task, it would suggest that, in addition to their ability to improve audibility and listening performance, hearing aids also have the potential to reduce listening effort.

Methods {#sec8-2331216519886722}
=======

Participants {#sec9-2331216519886722}
------------

Eighteen community-dwelling older adults were recruited from the Ryerson University Hearing Database. Eligible participants were 60 years of age or older and were experienced with and regularly used hearing aids in both ears. Participants were excluded if they had learned English after the age of seven, experienced tinnitus that interfered with their ability to understand speech, had been diagnosed with a neurological disorder, or had suffered a traumatic brain injury. One participant was excluded for not completing the experiment, and another participant was excluded for using only one hearing aid rather than two.

Data obtained from the 16 remaining participants were analyzed. They included 10 males and six females who ranged in age from 62 to 83 years (*M *=* *72.06, *SD* = 6.63). All participants but one reported being right-handed. All were experienced hearing aid users, with two participants (12.5%) reporting 1 to 4 hours of daily use, three (18.75%) reporting 4 to 8 hours of daily use, and 11 (68.75%) reporting 8 to 16 hours of daily use. These participants had participated in previous studies, and thus all were known to have hearing loss based on audiometric testing. Their pure-tone average (PTA) thresholds were calculated by averaging their thresholds at 500, 1000, and 2000 Hz from both ears. PTA ranged from 23.33 to 58.33 dB HL (*M *=* *42.60, *SD* = 9.64), with interaural differences in PTA ranging from 0 to 25 dB HL (*M *=* *5.21, *SD* = 6.29; see [Figure 1](#fig1-2331216519886722){ref-type="fig"}). Participants' scores on the Montreal Cognitive Assessment (MoCA), a screening assessment for mild cognitive impairment, ranged from 23 to 30 (*M *=* *26.44, *SD* = 2.03). These scores are indicative of normal cognitive ability based on relaxed clinical criteria ([@bibr18-2331216519886722]). Participants were compensated at a rate of \$20 per hour. The study protocol was approved by the Research Ethics Board at Ryerson University.

![The average audiogram of 16 participants. Error bars show standard errors of the mean.](10.1177_2331216519886722-fig1){#fig1-2331216519886722}

Design {#sec10-2331216519886722}
------

The study was based on a three-factor within-subject design. The independent variables were n-back condition (0B, 1B, 2B, 3B), n-back modality (auditory, visual), and hearing aid use (aided, unaided). To mitigate order effects, all three variables were counterbalanced. The experiment took place over two testing sessions. Eight participants completed the n-back task aided in the first session and unaided in the second, while the other eight were unaided in the first session and aided in the second. Within each session, eight participants completed the auditory n-back task followed by the visual n-back task, while the other eight completed the visual n-back task followed by the auditory n-back task; for each participant, this order was held constant across both sessions. In addition, a modified Latin square was used to produce four n-back condition orders, with each completed by four participants; for each participant, this order was held constant across both n-back modalities as well as both testing sessions.

Tasks and Measures {#sec11-2331216519886722}
------------------

Participants completed a visual verbal n-back task and an auditory verbal n-back task. During the completion of these tasks, four dependent measures were considered: PFC oxygenation (across the entire PFC and in four subregions of the PFC), n-back percent-correct, n-back reaction time, and n-back self-reported effort.

### N-back task {#sec12-2331216519886722}

Two versions of an n-back working memory task were administered to participants. The first of these was a visual verbal n-back task, adapted from [@bibr90-2331216519886722]. The stimuli consisted of a sequence of consonants (all letters besides A, E, I, O, U, and Y) presented visually on a computer screen. The consonants were chosen pseudorandomly from all possible 20 and presented one at a time, with a height on the screen of 5.5 cm. The stimulus duration was 500 ms and the interstimulus interval was 2,000 ms.

The task consisted of four conditions presented as blocks: the 0B, 1B, 2B, and 3B. During the 0B condition, participants were asked to indicate when the current consonant was the same as the first consonant that had been presented in that block; during the 1B condition, participants were asked to indicate when the current consonant was the same as the one that had been presented one trial earlier; during the 2B condition, participants were asked to indicate when the current consonant was the same as the one that had been presented two trials earlier; and finally, during the 3B condition, participants were asked to indicate when the current consonant was the same as the one that had been presented three trials earlier. Stimuli that met the criterion of the condition in which they were presented (e.g., during the 2B, a stimulus that was the same as the stimulus that had been presented two trials earlier) were referred to as targets, whereas other stimuli were referred to as non-targets. Participants had 2,500 ms after the stimulus onset to respond to each stimulus before the next stimulus was presented.

Of the stimuli presented, one third were targets and two thirds were nontargets, with the order of targets and nontargets chosen pseudorandomly. In each n-back condition, 41 trials were presented that had the potential to be targets. In addition to these trials, the 0B and 1B conditions required one additional trial at the start of the n-back condition so that a judgment could be made regarding the second trial; the 2B condition required two such additional trials, and the 3B condition required three. Thus, the 0B and 1B consisted of 42 trials, the 2B consisted of 43 trials, and the 3B consisted of 44 trials, with conditions therefore ranging from 105 to 110 s in length. Practice blocks for each n-back condition, completed prior to the task proper, consisted of nine trials with the potential to be targets.

Participants also completed an auditory verbal n-back task in which stimuli were recordings of letter names presented through a loudspeaker. The letter names were restricted to consonants and spoken with a male voice in a North American accent and included the pronunciation *zed* (as opposed to *zee*), as is used by Canadian English speakers. These stimuli were obtained from AudioMicro Stock Audio Library (<https://www.audiomicro.com/>).

For each n-back condition, performance was calculated as the proportion of trials in which the participant correctly chose to respond or not respond. Reaction time for each condition was calculated as the average time to indicate a target, thus ignoring trials in which participants did not respond. Trial reaction times of less than 100 ms were considered too fast to constitute genuine responses and were therefore excluded from this average ([@bibr105-2331216519886722]).

### PFC oxygenation {#sec13-2331216519886722}

Oxygenation data were collected using the fNIR Imager 1100 (fNIR Devices, LLC, Potomac, MD), a continuous wave optical neuroimaging system (see [Figure 2](#fig2-2331216519886722){ref-type="fig"}), at a sampling rate of 2 Hz. The software platform Cognitive Optical Brain Imaging (COBI) Studio version 1.4 was used for data collection ([@bibr8-2331216519886722]). The device included a flexible silicon sensor pad containing 4 light sources and 10 light detectors. The sources emitted light into the scalp above the PFC at wavelengths of 730 and 850 nm. Sixteen paths existed between sources and adjacent detectors, defining 16 channels (voxels) from which data could be analyzed independently. The source-detector distance was 2.5 cm, which allowed for a penetration depth of approximately 1.25 cm ([@bibr56-2331216519886722]).

![The fNIRS sensor pad (bottom) that we used in this study was secured to the forehead like a headband (top). The system contains four light sources and 10 light detectors. Each light source emits photons of two wavelengths into the scalp. Some of the photons reflect at the scalp-air interface, while others are absorbed by extracranial or intracranial tissues, and the remainder are scattered through the layers of cortex beneath the skull. Some of these scattered photons will follow a banana-shaped path to an adjacent light detector. This source-detector pair constitutes a channel. The proportions of photons of each wavelength that reach this adjacent light detector are used to calculate the concentration of oxygenated and deoxygenated hemoglobin in that channel. The top of the figure shows one source-detector pair (channel) as an example of this concept, although the same concept applies to all 16 channels, shown at the bottom of the figure (numbered in white).](10.1177_2331216519886722-fig2){#fig2-2331216519886722}

In each of the 16 fNIRS channels, oxygenation was calculated as the difference between the concentrations of oxygenated and deoxygenated hemoglobin (HbO − HbR), as has been done in other fNIRS studies conducted with the n-back task (e.g., [@bibr9-2331216519886722]; [@bibr53-2331216519886722]). This difference calculation as well as HbO on its own are more sensitive measures of brain activity than HbR or total hemoglobin (HbO + HbR; [@bibr58-2331216519886722]). The primary dependent measure used in this study was oxygenation averaged across all 16 channels of the PFC, which we referred to as overall PFC oxygenation. In addition to this, four subregions of the PFC were also considered, which were defined as follows: the R-LPFC included Channels 1 to 4, the R-MPFC included Channels 5 to 8, the L-MPFC included Channels 9 to 12, and the L-LPFC included Channels 13 to 16. Several studies using the same or similar devices have examined these PFC subregions as defined earlier (e.g., [@bibr4-2331216519886722]; [@bibr5-2331216519886722]; [@bibr19-2331216519886722]; [@bibr58-2331216519886722]; [@bibr69-2331216519886722]).

### Self-reported effort {#sec14-2331216519886722}

The NASA Task Load Index (NASA-TLX; [@bibr34-2331216519886722]) was used, in which participants were asked to self-report their subjective levels of six states on a 20-point scale: mental demand, physical demand, temporal demand, performance, effort, and frustration. This has been used in other studies involving listening effort (e.g., [@bibr2-2331216519886722]) as well as in studies using fNIRS to measure cortical oxygenation during an n-back task (e.g., [@bibr69-2331216519886722]).

Procedure and Apparatus {#sec15-2331216519886722}
-----------------------

Participants came into the lab for two sessions. To start the first session, participants provided written informed consent to take part in the study. Participants then completed an eligibility and demographic questionnaire and were introduced to how the n-back task works using a pencil-and-paper practice task. Once participants expressed an understanding of the task, the experimenter seated them in a double-walled sound-attenuated chamber (Industrial Acoustics Corp., Bronx, NY) in front of an Elo 1515 L 15-in. Touchscreen LCD Monitor, placed 60 cm centrally in front of participants, and a keyboard. The visual angle of the stimuli was 5.25°. A Yamaha MSP5 Studio Monitor loudspeaker was also placed 115 cm centrally in front of participants and at head height.

The fNIRS sensor pad (see [Figure 2](#fig2-2331216519886722){ref-type="fig"}) was affixed to and centered on the forehead above the eyebrows, aligned with the FpZ location according to the international 10-20 system ([@bibr39-2331216519886722]), as has been done in other studies using the same or similar devices (e.g., [@bibr4-2331216519886722]; [@bibr60-2331216519886722]; [@bibr68-2331216519886722]). Two straps were tightened behind the head to secure the sensor pad in place, and physical adjustments were made to maximize its contact with the scalp. The data collection software displayed the light intensity of all 16 channels, which represented how much of the light that was emitted into the scalp returned to the light detectors. An optimal signal had light intensity between 400 and 4,000 mV for all 16 channels, for both wavelengths ([@bibr87-2331216519886722]). Light intensity of less than 400 mV suggested that light detectors were obstructed, whereas intensity of greater than 4,000 mV suggested that detectors were saturated ([@bibr78-2331216519886722]). To maximize the number of channels in the optimal intensity range, adjustments were made to the default LED current and detector gain settings (10 mA and 10 mA, respectively). The process of fitting the sensor pad was usually completed in about 5 min.

With an optimal signal achieved, the experimenter began recording a 10-s baseline, instructing participants to relax and minimize movement during this time. With this completed, participants were then presented a series of 10 pseudorandomly chosen auditory stimuli (spoken consonant names) via loudspeaker while not wearing their hearing aids. Participants were asked to rate, on a 5-point scale, how well they could understand these stimuli ("How well were you able to hear the letters presented to you \[i.e., to tell what they are\]?"). This was not part of a task and was instead used to ensure that participants could understand the stimuli while not wearing their hearing aids. All of their responses ranged from 1 (*Perfectly*) to 3 (*Somewhat well*; *M *=* *2.44, *SD* = 0.61), indicating that stimuli were generally understood. This was done before the completion of the n-back tasks for all participants, regardless of whether they completed the visual or auditory n-back task first. The experimenter next used Inquisit version 4.0 (Millisecond Software, LLC, Seattle, WA) to start an n-back task corresponding to the appropriate counterbalancing condition.

Participants then completed the first n-back modality (e.g., visual). For the visual n-back task, participants had a chance to practice all four n-back conditions once before the start of the task proper. Visual stimuli (written consonants) were presented on the screen. Practice n-back conditions were always presented in the following order: 0B, 1B, 2B, and 3B. Participants were able to repeat the practice. Targets were identified by pressing the "A" key on the keyboard. Following the completion of the practice, participants were instructed to relax and minimize movement for 40 s. This allowed them to take a rest and for their brain activity to return to a baseline state (i.e., a state in which brain activity was no longer influenced by hemodynamic changes induced by the previous n-back condition). With this rest period completed, the experimenter instructed participants to begin the first n-back condition when ready. After the first n-back condition was completed, a message appeared on the screen prompting participants to fill out a printed copy of the NASA-TLX that was provided on a clipboard next to them. Participants were then able to begin the next n-back condition when ready. This continued until all four n-back conditions were completed once for that n-back modality. At the start of all n-back conditions, the experimenter placed a marker manually in the data collection software to indicate the time at which participants started each condition.

Participants then completed the second n-back modality (e.g., auditory). For the auditory n-back task, participants once again had the chance to practice each n-back condition before starting the task proper. Auditory stimuli (spoken consonant names) were presented via loudspeaker. For all participants, the sound presentation level in both the aided and unaided conditions was set to 35 dB SL above their PTA, which had previously been measured using a Grason-Stadler GSI 61 audiometer. Presentation levels were set for each participant at the start of a session using a Brüel & Kjær Hand-Held Analyzer Type 2250-S. This procedure served two purposes. First, it ensured that audibility was approximately equated for all participants when not wearing their hearing aids, avoiding a problem described by [@bibr31-2331216519886722] who recognized that presenting stimuli at the same level for all participants could result in overestimating the benefit of using hearing aids for some participants and underestimated it for others. Second, following the recommendation of [@bibr67-2331216519886722], by presenting the stimuli at 35 dB SL, it was possible for all participants to understand the stimuli, but listening was sufficiently challenging that hearing aids could still have a positive effect by reducing listening effort. Furthermore, if an initial gain of 35 dB SL had not been provided, the relationship between hearing aid use and listening effort could potentially have become more complicated. For instance, if some participants were unable to hear the stimuli when not wearing their hearing aids, then they may have expended little or no listening effort in the unaided condition; in contrast, their motivation might have increased and they might have exerted more listening effort once it became possible for them to achieve their listening goals.

The second session began with participants completing the 25-item Satisfaction with Amplification in Daily Life Questionnaire, used to assess experience and satisfaction with hearing aids ([@bibr21-2331216519886722]). As in Session 1, participants were reintroduced to the n-back as a pencil-and-paper task. Participants then practiced and completed the n-back task in both modalities again, with each n-back condition followed by the NASA-TLX. While the same n-back condition and modality orders were used as in Session 1, the opposite hearing aid condition was used (i.e., if participants wore their hearing aids in the first session, they did not wear them in the second session, and vice versa). During the session in which participants wore their hearing aids, they did so at settings of their choosing. At the end of the second session, participants were debriefed and compensated before exiting the lab.

Signal Preprocessing {#sec16-2331216519886722}
--------------------

Optical imaging data were preprocessed using fNIRSoft Professional version 4.6 ([@bibr6-2331216519886722]). Preprocessing steps were applied independently to each session. A finite impulse response linear phase low-pass filter (order = 20, cutoff frequency = 0.1 Hz) was applied to reduce noise at higher frequencies than the hemodynamic response, such as physiological and equipment noise ([@bibr6-2331216519886722]; [@bibr44-2331216519886722]). Data compromised by motion artifacts or channel saturation were removed using the Sliding-window Motion Artifact Removal algorithm (window size = 10 s, upper threshold = 0.025 nm, lower threshold = 0.003 nm; [@bibr7-2331216519886722]).

Channels were then rejected if their light intensity fell below 400 mV or exceeded 4,000 mV at any point during the session ([@bibr87-2331216519886722]). All remaining channels had their light data converted to oxygenation data in fNIRSoft using the MBLL ([@bibr6-2331216519886722]). The resulting data were baselined channel-wise according to the 10-s baseline measured at the start of data collection: For instance, mean baseline oxygenation data from Channel 1 were subtracted from all subsequent oxygenation data in Channel 1 this process was repeated for all 16 channels. Finally, linear detrending was applied to each channel ([@bibr6-2331216519886722]). With preprocessing complete, blocks of interest were defined and exported as CSV files.

Signal Postprocessing {#sec17-2331216519886722}
---------------------

A custom script in MATLAB version 9.3 (The MathWorks Inc., Natick, MA) was used to further process the data. For each session, in addition to rejecting individual channels according to light levels during pre-processing, channels were also rejected if more than 50% of their data were missing across all auditory blocks and/or all visual blocks. Of the 16 channels in total, the number of channels rejected per session ranged from 0 to 6 (*M *=* *1.81, *SD* = 1.57). Individual n-back condition blocks (and all data within them) were rejected if, after their completion, a participant had expressed uncertainty as to whether they had completed the task correctly. According to this criterion, 9 of 256 blocks (3.52%) were rejected. Furthermore, if a participant indicated their responses during the n-back task with the wrong key (in which cases their responses could not be recovered), reaction time and percent-correct data from that block were rejected, although PFC oxygenation and self-reported effort data were retained. A further four blocks of reaction time and percent-correct data were rejected by this criterion, and thus a total of 13 of 256 blocks of reaction time and percent-correct data (5.08%) were rejected.

For each block, participants had mean oxygenation levels calculated for all four subregions of the PFC. This was done by averaging the four channels comprising each region. These block means were calculated using data from 10 s into the block (to minimize hemodynamic carryover from the previous block; see [@bibr19-2331216519886722]) until the end of the block. If all four channels comprising a PFC subregion were rejected, fewer than four subregions were analyzed. This occurred in only one case, in the L-MPFC, and thus while other PFC subregions had 32 sessions of data included in the analysis, the L-MPFC had only 31. The time required to fully process a participant's data was usually about 5 min.

Statistical Analyses {#sec18-2331216519886722}
--------------------

### Confirmatory analyses {#sec19-2331216519886722}

All statistical analyses were done with R version 3.5.2 ([@bibr85-2331216519886722]) using α = .05. Planned analyses concerned the hypotheses of the study and required assessing the effects of n-back condition, modality, hearing aid use, and the interaction of Modality × Hearing Aid Use on overall PFC oxygenation. These relationships were assessed using linear mixed-effects modeling with the "nlme" package ([@bibr85-2331216519886722]). Linear mixed-effects modeling was used because some participants had specific blocks rejected from the analysis, and this form of modeling is well suited to cope with such missing data ([@bibr10-2331216519886722]).

A linear mixed-effects model of overall PFC oxygenation, beginning with a baseline model that included only the intercepts, was built as follows: (a) intercepts were allowed to vary across participants; (b) n-back condition was added as a fixed effect; (c) slopes, representing the effect of n-back condition on overall PFC oxygenation, were allowed to vary across participants; (d) modality was added as a fixed effect, with visual as the reference condition; (e) hearing aid use was added as a fixed effect, with unaided as the reference condition; and (f) Modality × Hearing Aid Use was added as a fixed effect. Random slopes were included for n-back condition to account for individual differences in participants' responses to change in n-back condition but were not included for modality or hearing aid use as no main effect was predicted for these variables. Furthermore, while random intercepts were always included in the final model, random slopes only remained in the final model if a likelihood-ratio test revealed that their inclusion explained significantly more variance than a model that included only random intercepts and n-back condition. All fixed effects remained in the final model regardless of significance, due to their relevance to the hypotheses.

Additional linear mixed-effects models were built, using the same procedure, with reaction time, percent-correct, and self-reported effort used as outcome measures. In all cases, multiple comparison testing for n-back condition was done using pairwise *t* tests with Holm--Bonferroni correction ([@bibr38-2331216519886722]).

### Exploratory analyses {#sec20-2331216519886722}

To determine whether the pattern of PFC oxygenation during the n-back task varied across subregions of the PFC, linear mixed-effects models were created, using the same procedure, with oxygenation in each of the four subregions of the PFC used as outcome measures. A repeated-measures correlational analysis was also done using the "rmcorr" package ([@bibr12-2331216519886722]) to compare the patterns of oxygenation in each PFC subregion to one another.

To determine the association between PFC oxygenation and other measures of effort during the n-back task, a repeated-measures correlational analysis was used. This analysis assessed the relationship between self-reported effort and reaction time, between self-reported effort and oxygenation in each PFC subregion, as well as between reaction time and oxygenation in each PFC subregion.

To determine whether personal characteristics predicted the benefit derived from hearing aids, a measure of hearing aid benefit was calculated for each participant. This was done by calculating, for each auditory n-back condition, the extent to which PFC oxygenation was reduced when participants were wearing their hearing aids (unaided PFC oxygenation − aided PFC oxygenation) and averaging the resulting values. We refer to this value as hearing aid benefit for PFC oxygenation. This calculation was done for each PFC subregion. A correlational analysis was used to determine the relationship between hearing aid benefit for PFC oxygenation in each PFC subregion and age, PTA, and MoCA score. Partial correlational analyses were done when necessary with the "ppcor" package (S. [@bibr48-2331216519886722]).

Results {#sec21-2331216519886722}
=======

Confirmatory Analyses {#sec22-2331216519886722}
---------------------

### Overall PFC oxygenation {#sec23-2331216519886722}

[Figure 3](#fig3-2331216519886722){ref-type="fig"} plots the effects of both n-back condition and modality on overall PFC oxygenation (averaged over the aided and unaided conditions). Intercepts varied significantly across participants, meaning that participants differed in their average levels of overall PFC oxygenation. However, slopes did not vary across participants, meaning that participants exhibited similar changes in overall PFC oxygenation as a function of n-back condition. There was a significant main effect of n-back condition on overall PFC oxygenation, with overall PFC oxygenation increasing as n-back condition increased. Overall PFC oxygenation was significantly greater in the 3B compared to the 0B or 1B, in the 2B compared to the 1B or 0B, and in the 1B compared to the 0B (*p* values *\<.*002). Furthermore, there was no main effect of modality on overall PFC oxygenation. We also used a likelihood-ratio test to assess whether we could improve the fit of the model of overall PFC oxygenation that included random intercepts, n-back condition, and modality. However, the addition of an n-back Condition × Modality did not improve the fit of the model, χ^2^(8) = 0.39, *p* = .53.

![Overall PFC oxygenation as a function of n-back condition (working memory demand) and modality, averaged over the aided and unaided conditions. Error bars show standard errors of the mean. Oxygenation is reported in relative units: the device used was unable to determine the absolute concentration of oxygen in the PFC in each condition, but rather only the concentration of oxygen in each condition relative to other conditions (with oxygenation of zero representing the baseline). For both the visual and auditory n-back tasks, overall PFC oxygenation increased with task demand until the 2B, at which point it leveled.](10.1177_2331216519886722-fig3){#fig3-2331216519886722}

[Figure 4](#fig4-2331216519886722){ref-type="fig"} plots the effects of both n-back condition and hearing aid use on overall PFC oxygenation during the auditory n-back task. There was no main effect of hearing aid use on overall PFC oxygenation as well as no interaction between modality and hearing aid use on overall PFC oxygenation. See [Table 1](#table1-2331216519886722){ref-type="table"} for a summary of the final model of overall PFC oxygenation.

![Overall PFC oxygenation during the auditory n-back task as a function of n-back condition and hearing aid use. Error bars show standard errors of the mean. The lack of an interaction between modality and hearing aid use on overall PFC oxygenation suggested that hearing aids did not reduce overall PFC oxygenation during the auditory n-back task.](10.1177_2331216519886722-fig4){#fig4-2331216519886722}

###### 

A Summary of the Linear Mixed*-*Effects Models of Overall PFC Oxygenation, Reaction Time, Self-Reported Effort, and Percent-Correct.

![](10.1177_2331216519886722-table1)

                               Overall PFC oxygenation        Reaction time             Self-reported effort           Percent-correct
  ---------------------------- ------------------------------ ------------------------- ------------------------------ ---------------------------------
  Random intercepts            ***SD* = 0.25 (0.15, 0.44)**   *SD* = 65.2 (40.2, 106)   ***SD* = 3.93 (2.69, 5.72)**   ***SD* = 0.014 (0.004, 0.054)**
  **χ^2^(3) = 6.58**           χ^2^(3) = 0.0000006            **χ^2^(3) = 25.8**        **χ^2^(3) = 6.86**             
  ***p = .*010**               *p* = 1                        ***p* \< .0001**          ***p* = .009**                 
                                                                                                                       
  Random slopes                χ^2^(6) = 3.11                 χ^2^(6) = 0.006           ***SD* = 1.32 (0.87, 2.00)**   ***SD* = 0.015 (0.009, 0.028)**
  *p = .*21                    *p* = 1                        **χ^2^(6) = 40.5**        **χ^2^(6) = 18.3**             
                                                              ***p* \< .0001**          ***p* \< .001**                
                                                                                                                       
  N-back condition             ***b* = 0.21**                 ***b* = 107**             ***b* = 3.40**                 ***b* = −0.066**
  ***t*(227) = 4.94**          ***t*(223) = 11.8**            ***t*(227) = 9.33**       ***t*(223) = −13.1**           
  ***p \< .*0001**             ***p \< .*0001**               ***p* \< .0001**          ***p* \< .0001**               
                                                                                                                       
                                                                                                                       
  Modality                     *b* = −0.002                   ***b* = 623**             *b* = −0.48                    *b* = −0.008
  *t*(227) = −0.012            ***t*(223) = 21.6**            *t*(227) = −1.02          *t*(223) = −0.74               
  *p = .*99                    ***p \< .*0001**               *p* = .31                 *p* = .46                      
                                                                                                                       
  Hearing aid use              *b* = 0.002                    *b* = 11.0                *b* = −0.54                    *b* = −0.001
  *t*(227) = 0.015             *t*(223) = 0.38                *t*(227) = −1.15          *t*(223) = −0.12               
  *p = .*99                    *p = .*70                      *p* = .25                 *p* = .90                      
                                                                                                                       
  Modality × Hearing Aid Use   *b* = 0.039                    *b* = −38.99              *b* = 0.29                     *b* = 0.015
  *t*(227) = 0.21              *t*(223) = −0.96               *t*(227) = 0.44           *t*(223) = 1.08                
  *p = .*84                    *p = .*34                      *p* = .66                 *p* = .28                      

*Note*. Significant effects are bolded.

### N-back reaction time {#sec24-2331216519886722}

[Figure 5](#fig5-2331216519886722){ref-type="fig"} plots the effects of both n-back condition and hearing aid use on reaction time during the auditory n-back task. Intercepts did not vary across participants, and neither did slopes. There was a significant main effect of n-back condition on reaction time, with reaction time becoming slower as n-back condition increased. Reaction times were significantly slower in the 3B compared to the 0B or 1B, in the 2B compared to the 1B or 0B, and in the 1B compared to the 0B (*p* values \< .002). There was also a significant main effect of modality on reaction time, with reaction times faster during the visual n-back task than during the auditory n-back task. There was no main effect of hearing aid use on reaction time as well as no interaction between modality and hearing aid use on reaction time. See [Table 1](#table1-2331216519886722){ref-type="table"} for a summary of the final model of reaction time.

![Reaction time during the auditory n-back task as a function of n-back condition and hearing aid use. Error bars show standard errors of the mean. The lack of an interaction between modality and hearing aid (visual data not shown) on reaction time suggested that hearing aids did not reduce reaction time during the auditory n-back task.](10.1177_2331216519886722-fig5){#fig5-2331216519886722}

### N-back self-reported effort {#sec25-2331216519886722}

[Figure 6](#fig6-2331216519886722){ref-type="fig"} plots the effects of both n-back condition and hearing aid use on self-reported effort during the auditory n-back task. Intercepts varied significantly across participants, as did slopes. There was a significant main effect of n-back condition on self-reported effort, with self-reported effort increasing as n-back condition increased. Self-reported effort was significantly greater in the 3B compared to the 0B, 1B, or 2B; in the 2B compared to the 1B or 0B; and in the 1B compared to the 0B (*p* values *\< .*0001). There was no main effect of modality or hearing aid use on self-reported effort as well as no interaction between modality and hearing aid use on self-reported effort. See [Table 1](#table1-2331216519886722){ref-type="table"} for a summary of the final model of self-reported effort.

![Self-reported effort during the auditory n-back task as a function of n-back condition and hearing aid use. Error bars show standard errors of the mean. The lack of an interaction between modality and hearing aid use (visual data not shown) on self-reported effort suggested that hearing aids did not reduce self-reported effort during the auditory n-back task.](10.1177_2331216519886722-fig6){#fig6-2331216519886722}

### N-back percent-correct {#sec26-2331216519886722}

[Figure 7](#fig7-2331216519886722){ref-type="fig"} plots the effects of both n-back condition and hearing aid use on percent-correct during the auditory n-back task. Intercepts varied significantly across participants, as did slopes. There was a significant main effect of n-back condition on percent-correct, with percent-correct decreasing as n-back condition increased. Percent-correct was significantly lower in the 3B compared to the 0B, 1B, or 2B; in the 2B compared to the 1B or 0B; and in the 1B compared to the 0B (*p* values \< .002). There was no main effect of modality or hearing aid use on percent-correct as well as no interaction between modality and hearing aid use on percent-correct. See [Table 1](#table1-2331216519886722){ref-type="table"} for a summary of the final model of n-back percent-correct.

![Percent-correct during the auditory n-back task as a function of n-back condition and hearing aid use. Error bars show standard errors of the mean. The lack of an interaction between modality and hearing aid use (visual data not shown) on percent-correct suggested that hearing aids did not increase percent-correct during the auditory n-back task.](10.1177_2331216519886722-fig7){#fig7-2331216519886722}

Exploratory Analyses {#sec27-2331216519886722}
--------------------

### Comparing oxygenation in each PFC subregion {#sec28-2331216519886722}

[Figure 8](#fig8-2331216519886722){ref-type="fig"} plots the effects of both n-back condition and hearing aid use on oxygenation in each PFC subregion during the auditory n-back. Oxygenation in all PFC subregions was significantly (strongly) positively correlated with one another (*r* values \> .85, *p* values \< .0001). Nonetheless, linear mixed-effects modeling was used to describe oxygenation in each PFC subregion separately. In each case, the addition of random intercepts improved a baseline model that included only the intercepts, but the addition of random slopes did not improve a model that included random intercepts and n-back condition. Furthermore, in each case, n-back condition was the only significant effect on oxygenation. See [Table 2](#table2-2331216519886722){ref-type="table"} for a summary of the final models of oxygenation in each PFC subregion.

![Oxygenation during the auditory n-back task as a function of n-back condition and hearing aid use, in the L-LPFC (top-left), R-LPFC (top-right), L-MPFC (bottom-left), and R-MPFC (bottom-right). Error bars show standard errors of the mean. The lack of an interaction between modality and hearing aid use (visual data not shown) on oxygenation in all PFC subregions suggested that hearing aids did not reduce oxygenation in any PFC subregion during the auditory n-back task. R-MPFC = right medial prefrontal cortex; L-MPFC = left medial prefrontal cortex; R-LPFC = right lateral prefrontal cortex; L-LPFC = left lateral prefrontal cortex.](10.1177_2331216519886722-fig8){#fig8-2331216519886722}

###### 

The Main Effect of n-Back Condition on Oxygenation in Each PFC Subregion.

![](10.1177_2331216519886722-table2)

  PFC subregion   *b*    *t*    *df*   *p*         Multiple comparisons
  --------------- ------ ------ ------ ----------- ------------------------------------
  L-LPFC          0.25   5.65   227    \<.0001     3B \> 1B/0B, 2B \> 1B/0B, 1B \> 0B
  R-LPFC          0.20   3.87   227    \<.001      3B \> 0B/1B, 2B \> 0B, 1B \> 1B
  L-MPFC          0.19   4.55   277    *\<.*0001   3B \> 0B/1B, 2B \> 1B/0B, 1B \> 0B
  R-MPFC          0.22   4.79   277    *\<.*0001   3B \> 0B/1B, 2B \> 1B/0B, 1B \> 0B

*Note*. R-MPFC = right medial prefrontal cortex; L-MPFC = left medial prefrontal cortex; R-LPFC = right lateral prefrontal cortex; L-LPFC = left lateral prefrontal cortex.

### Comparing measures of cognitive effort during listening {#sec29-2331216519886722}

A repeated-measures correlational analysis found that self-reported effort during the n-back task was significantly (weakly) positively correlated with reaction time, *r*(226) = .25, *p* \< .001. Furthermore, self-reported effort was significantly (weakly) positively correlated with L-LPFC oxygenation, *r*(230) = .23, *p* \< .001, R-LPFC oxygenation, *r*(230) = .13, *p = .*041, L-MPFC oxygenation, *r*(222) = .23, *p* \< .001, and R-MPFC oxygenation, *r*(230) = .21, *p = .*002. There were no correlations between reaction time and oxygenation in any PFC subregion.

### Individual variability in hearing aid benefit for PFC oxygenation {#sec30-2331216519886722}

[Figure 9](#fig9-2331216519886722){ref-type="fig"} plots the association between hearing aid benefit for L-LPFC oxygenation and participant PTA as well as participant age. A correlational analysis found that hearing aid benefit for L-LPFC oxygenation was positively (moderately) correlated with PTA, *r*(14) = .54, *p* = .030, as well as with age, *r*(14) = .51, *p* = .043, but not with MoCA score, *r*(14) = .18, *p* = .49. We attempted to use a partial correlational analysis to better understand the influence of age and PTA on hearing aid benefit for L-PFC oxygenation. PTA and age were found to be significantly (moderately) positively correlated, *r*(14) = .51, *p* = .043, and the effects of both PTA and age on hearing aid benefit for L-LPFC oxygenation were nonsignificant when partialling out the other. PTA, age, and MoCA score were not correlated with hearing aid benefit for L-LPFC oxygenation in the other three subregions of the PFC. As a control, we also calculated the extent to which hearing aids reduced oxygenation during the visual n-back task. This was not correlated with participant PTA, age, or MoCA score in any PFC subregion.

![During the auditory n-back, hearing aid benefit for oxygenation in the L-LPFC increased with participant PTA (left panel) and participant age (right panel). Shaded regions indicate the 95% confidence interval of the regression line. L-LPFC = left lateral prefrontal cortex; HA benefit = hearing aid benefit for PFC oxygenation (unaided oxygenation \-- aided oxygenation).](10.1177_2331216519886722-fig9){#fig9-2331216519886722}

Discussion {#sec31-2331216519886722}
==========

Aim 1: fNIRS to Measure Cognitive Effort {#sec32-2331216519886722}
----------------------------------------

### Effect of n-back condition on overall PFC oxygenation {#sec33-2331216519886722}

The results of this study showed that as the n-back task became more difficult, overall PFC oxygenation increased. In particular, we found that overall PFC oxygenation increased up to the 2B condition before leveling. This pattern was found for both the visual and auditory n-back tasks, with the similarity of these modalities supported by the observations that modality did not affect overall PFC oxygenation, and that the interaction between n-back condition and modality did not improve the fit of our final model of overall PFC oxygenation. These results were consistent with our hypothesis. They also agreed with a previous fNIRS study finding that older adults exert more effort up until the 2B condition ([@bibr103-2331216519886722]) as well as several neuroimaging studies that report comparable PFC recruitment during the visual and auditory n-back tasks ([@bibr22-2331216519886722]; [@bibr91-2331216519886722]; [@bibr97-2331216519886722]). Our findings thus support the use of fNIRS to measure cognitive effort in older adults who use hearing aids, both during visual and auditory tasks.

### Comparing oxygenation in each PFC subregion {#sec34-2331216519886722}

In all four PFC subregions, oxygenation increased from the 0B to the 2B and then leveled. All n-back condition comparisons were significant in each PFC subregion, with the exception of the R-LPFC, in which the greater oxygenation measured during the 2B compared to the 1B did not reach significance. Nonetheless, these results suggested that all PFC subregions responded to changes in n-back condition similarly. This is also true of hearing aid use and modality, both of which did not affect oxygenation in any PFC subregion. The similar activity of PFC subregions is further supported by their strong positive correlations with one another.

When considering the effect of n-back condition in each PFC subregion, the effect size was largest in the L-LPFC, Cohen's *d~z~* = .75; the second largest was in the R-MPFC: Cohen's *d~z~* = .64. Thus, the activity of the L-LPFC was most sensitive to n-back condition. This PFC subregion contains the DLPFC and VLPFC, which a meta-analysis by [@bibr79-2331216519886722] found to be among the brain areas most activated by the n-back task. There is also precedent for preferential recruitment of left DLPFC during a verbal n-back task, including from studies using fMRI (e.g., [@bibr99-2331216519886722]), fNIRS (e.g., [@bibr43-2331216519886722]), and transcranial magnetic stimulation (e.g., [@bibr71-2331216519886722]).

### Comparing measures of cognitive effort during listening {#sec35-2331216519886722}

To contextualize overall PFC oxygenation, we included two other measures of cognitive effort: n-back reaction time and n-back self-reported effort. Like overall PFC oxygenation, these measures increased with n-back condition and neither was affected by hearing aid use. Only reaction time was affected by modality, with faster reaction times measured during the visual n-back task than during the auditory n-back task. However, this is likely because reaction time measurement began at the stimulus onset, and during the auditory n-back task, participants had to wait to hear an entire stimulus before indicating a response (see [@bibr22-2331216519886722]). Overall PFC oxygenation and reaction time exhibited similar patterns as a function of n-back condition, with both increasing until the 2B before leveling. The nonlinear pattern exhibited by these two measures suggests that both are sensitive to cognitive effort (rather than performance accuracy or a related concept), as cognitive effort is known to level once it exceeds cognitive capacity ([@bibr72-2331216519886722]).

Self-reported effort was noticeably different from overall PFC oxygenation and reaction time; in particular, it increased linearly from the 0B to the 3B, with no leveling. This is consistent with the findings of [@bibr70-2331216519886722], who found that participants tended to report their perceived level of performance accuracy on a task rather than the effort expended. This tendency could be an example of a heuristic that [@bibr46-2331216519886722] termed attribute substitution, in which a difficult question (e.g., How much effort did you put into this task?) is replaced by one that is easier to answer (e.g., How well do you think you performed on this task?). Thus, subjective measures of cognitive effort appear to be unreliable compared to objective measures of cognitive effort, including reaction time and overall PFC oxygenation.

During the n-back task, self-reported effort was significantly positively correlated with reaction time as well as oxygenation in all subregions of the PFC. However, while significant, these correlations were weak. Furthermore, reaction time was not correlated with oxygenation in any subregion of the PFC. These results are consistent with the results of listening effort studies that have used multiple measures of listening effort concurrently (e.g., [@bibr3-2331216519886722]). For instance, other studies have found weak or nonsignificant correlations between subjective and behavioral measures (e.g., [@bibr40-2331216519886722]), between subjective and physiological measures (e.g., [@bibr63-2331216519886722]), and between behavioral and physiological measures (e.g., [@bibr100-2331216519886722]). Based on the lack of a consistent relationship between different measures of listening effort, it has been suggested that these measures may be tapping into different dimensions of listening effort rather than the same, unitary construct ([@bibr3-2331216519886722]; [@bibr100-2331216519886722]).

Aim 2: Hearing Aids to Reduce Listening Effort {#sec36-2331216519886722}
----------------------------------------------

### Effect of hearing aids on listening effort {#sec37-2331216519886722}

There was no interaction between n-back modality and hearing aid use on any measure of effort (PFC oxygenation \[overall and in each PFC subregions\], reaction time, and self-reported effort), which suggests that hearing aids did not reduce listening effort during the auditory n-back task. While contrary to our hypothesis, this finding aligns with the review by [@bibr75-2331216519886722], which found that the quality of evidence supporting the ability of hearing aids to reduce listening effort was poor. Thus, despite hearing aids often being assumed to reduce listening effort due to their ability to increase audibility ([@bibr40-2331216519886722]; [@bibr80-2331216519886722]; [@bibr84-2331216519886722]), our results suggest that, at least under some conditions, this is not the case. Furthermore, there was no interaction between modality and hearing aid use on n-back percent-correct, suggesting that hearing aids did not improve performance on the auditory n-back task.

One explanation for these findings is that, in addition to increasing the audibility of the signal of interest, hearing aids can also amplify background noise, distort the signal, and generate internal noise or feedback ([@bibr1-2331216519886722]). To overcome these obstacles, additional cognitive resources are likely required, potentially canceling out any reduction in listening effort that hearing aids would otherwise confer ([@bibr84-2331216519886722]). Supporting this explanation, [@bibr65-2331216519886722] found that *poor sound quality* was one of the most common reasons that many owners of hearing aids chose not to wear them. Alternatively, the task that was used in this study, the auditory n-back, may have limited the effect of hearing aids. For instance, the working memory demand of the task may have overwhelmed the effect of listening demand and therefore hearing aids. Other qualities of the task may have lessened the need for hearing aids to decrease listening effort or improve performance in the first place, such as the use of simple stimuli from a closed set (spoken consonant names, rather than sentences), the presentation of stimuli in quiet (rather than in noise), and the decision to set presentation levels at 35 dB SL above PTA, which may have artificially decreased listening effort or increased percent-correct in the unaided condition.

### Individual variability in hearing aid benefit for listening effort {#sec38-2331216519886722}

While there was no effect of hearing aids on PFC oxygenation on the whole, we considered whether hearing aid benefit for PFC oxygenation (interpreted as hearing aid benefit for listening effort) exhibited individual differences. Indeed, several studies have found individual differences in hearing aid benefit for listening effort (e.g., [@bibr11-2331216519886722]; [@bibr24-2331216519886722]; [@bibr84-2331216519886722]; [@bibr94-2331216519886722]), finding that some participants experience a reduction in listening effort when using hearing aids, some experience no change in listening effort, and others experience an increase in listening effort. Similar variability in hearing aid benefit for listening effort was found in this study. Furthermore, variability in hearing aid benefit for listening effort in the L-LPFC was predicted by participant characteristics, with participants who were older and participants who had greater hearing loss experiencing a greater reduction in L-LPFC oxygenation during the auditory n-back task from the use of hearing aids.

To our knowledge, the only study to consider the factors that predict hearing aid benefit for listening effort was [@bibr84-2331216519886722], which found that benefit was moderately negatively correlated with verbal processing speed. The authors interpreted this finding using the Ease of Language Understanding model ([@bibr92-2331216519886722]; [@bibr93-2331216519886722]), which states that listeners need to match the working memory representation of a signal of interest to an item in long-term memory to determine the identity of the signal, which may not have been immediately clear due to hearing loss. For listeners with a slower processing speed, it is especially effortful to match the working memory representation to an item in long-term memory before the representation decays. Thus, these listeners are helped more by hearing aids, which enhance the quality of the representation and postpone its decay.

The correlation that we observed between participant age and hearing aid benefit for listening effort in the L-LPFC could be partially accounted for by the correlation found by [@bibr84-2331216519886722], since verbal processing is known to become slower with age ([@bibr25-2331216519886722]). However, in this study, no measure of verbal processing speed was included, and therefore this explanation could not be evaluated. Furthermore, [@bibr40-2331216519886722] proposed that one's experience with hearing aids, which could also be correlated with age, may predict the extent to which hearing aids reduce listening effort. However, several studies have found that experience with hearing aids does not predict speech recognition ability (e.g., [@bibr23-2331216519886722]), and therefore experience is unlikely to contribute to the correlation between age and hearing aid benefit for listening effort in the L-LPFC.

The correlation that we observed between participant PTA and hearing aid benefit for listening effort in the L-LPFC is consistent with another suggestion by [@bibr40-2331216519886722], in particular that hearing aids are less likely to reduce listening effort in participants with mild to moderate (rather than severe) hearing loss. This suggestion was based on the premise that listening effort would be lower in individuals with mild to moderate hearing loss to begin with, leaving less room to improve. In this study, we attempted to ensure that stimuli were audible for all participants by presenting them at 35 dB SL above participants' PTA. While this manipulation was intended to equate listening effort across participants in the unaided condition, a correlation between PTA and hearing aid benefit for listening effort in the L-LPFC was nonetheless observed. One possible explanation for this could be that participants with a higher PTA were less able to hear the artifacts that hearing aids produced, meaning that, for these participants, the benefits of hearing aids were more likely to outweigh the costs. Alternatively, hearing aids may have helped participants in ways that were not adequately addressed by 35 dB of flat gain, such as more pronounced amplification in mid- to high-frequency regions.

The above correlations were only significant in the L-LPFC, the same subregion that exhibited the strongest relationship with n-back condition. The L-LPFC encompasses the left DLPFC and VLPFC. Older adults with superior hearing-in-noise abilities have greater left DLPFC and VLPFC volume ([@bibr108-2331216519886722]). Furthermore, the left VLPFC overlaps substantially with left IFG (Broca's area), the area found by [@bibr107-2331216519886722] as well as [@bibr106-2331216519886722] to be associated with effortful listening. These findings also conform to [@bibr36-2331216519886722], [@bibr37-2331216519886722]) dual-stream model of speech processing, which argued that motor planning areas along the dorsal stream of speech processing are activated under challenging listening conditions.

Limitations {#sec39-2331216519886722}
-----------

This study had a number of limitations. First, the manipulation of n-back demand was an effective means to change the cognitive effort exerted to meet increased working memory demands during listening; however, this manipulation did not directly change the cognitive effort that listeners might exert to meet increased auditory demands during listening. A more direct approach would have been to use a task that manipulated speech intelligibility (e.g., varying signal-to-noise ratio) as a means to evaluate the effort exerted by listeners in response to different levels of demand due to signal factors. Second, the low spatial resolution and penetration depth of fNIRS limited our ability to measure cognitive effort in anatomically precise regions of the cortical surface (e.g., Broca's area; [@bibr107-2331216519886722]) or in deeper regions thought to be involved in effortful listening (e.g., the anterior cingulate cortex; [@bibr80-2331216519886722]), respectively.

Moreover, several factors may have limited our ability to find an effect of hearing aid use on listening effort, including the fact that the study was likely underpowered to detect medium-sized effects. There may have also been positive effects of hearing aids that we were unable to detect, such as benefits to speech comprehension rather than performance on the n-back task. This could not be robustly assessed, given that our only measure of speech comprehension was a brief questionnaire completed before the start of the n-back task. Finally, we were also limited in our ability to determine the factors that influenced the ability of hearing aids to reduce listening effort. For instance, participants wore their own hearing aids at settings of their choosing, which may have contributed to the variability in hearing aid benefit for listening effort. Our attempt to standardize the unaided audibility of stimuli may have also contributed to this variability, as it is likely that, due to their differing hearing profiles, not all participants (even those with the same PTA) understood the stimuli equally well when presented at 35 dB SL above PTA. We also lacked the participant information needed (e.g., a measure of verbal processing speed) to adequately investigate the mechanisms underlying the correlations of hearing aid benefit for listening effort in the L-LPFC with age and PTA.

Conclusion {#sec40-2331216519886722}
==========

In sum, this study was motivated by the absence of an accepted brain-based measure of listening effort, particularly for clinical use. The results suggested that, for both the visual and auditory n-back tasks, fNIRS was able to measure an increase in PFC oxygenation corresponding to increased task demand in older adults who use hearing aids. This supported the potential use of fNIRS to measure listening effort in this population. However, PFC oxygenation was weakly or nonsignificantly correlated with other dependent measures, which supports a multidimensional view of listening effort. Overall, the use of hearing aids did not decrease any measure of listening effort or improve performance on the n-back task. While this could be due to the methods that we used, it could also relate to the negative effects of hearing aids on sound quality. Nonetheless, some participants did experience a reduction in listening effort when wearing hearing aids, and the extent to which hearing aids reduced oxygenation in the L-LPFC in particular was greater in participants who were older and had greater hearing loss. This could be accounted for by their slower verbal processing or reduced ability to perceive the artifacts produced by hearing aids, respectively. The ability of fNIRS to serve as a reliable and convenient measure of listening effort in older adults who use hearing aids supports its eventual application to a clinical setting, in which it could be used, perhaps in conjunction with other measures of listening effort, to help clinicians identify hearing difficulties or assess hearing instruments. To this end, future fNIRS studies should seek to measure listening effort in older adults with hearing aids during more ecologically valid tasks, such as a speech-in-noise task, and should determine how fNIRS and other measures of listening effort could be used in practice to inform clinical decisions.
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